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Structural phase transitions serve as the basis for many functional applications including
shape memory alloys (SMAs), switches based on metal-insulator transitions (MITs), etc. In
such materials, lattice incompatibility between transformed and parent phases often results
in a thermal hysteresis, which is intimately tied to degradation of reversibility of the trans-
formation. The non-linear theory of martensite suggests that the hysteresis of a martensitic
phase transformation is solely determined by the lattice constants, and the conditions pro-
posed for geometrical compatibility have been successfully applied to minimizing the hys-
teresis in SMAs. Here, we apply the non-linear theory to a correlated oxide system
(V1−xWxO2), and show that the hysteresis of the MIT in the system can be directly tuned by
adjusting the lattice constants of the phases. The results underscore the profound influence
structural compatibility has on intrinsic electronic properties, and indicate that the theory
provides a universal guidance for optimizing phase transforming materials.
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The hallmark of first-order structural transformations insolid materials are dramatic changes in physical propertieswith significant technological implications including calo-
ric effects1, metal-insulator transitions (MITs)2, and enhanced
dielectric/piezoelectric susceptibility3. For metallic alloys, lattice
compatibility of the parent phase and the product phase at
transformation has proven to be a key factor governing the
reversibility of the transition as manifested in the hysteresis of the
structural transition4. Minimization of the hysteresis through
tuning of lattice constants, as encoded in the geometrically non-
linear theory of martensite5, has led to development of shape
memory alloys with exceptional functional fatigue properties5–8.
In particular, by adjusting the middle eigenvalue λ2 of the
transformation stretch tensor (a 3 × 3 matrix that describes the
structural transformation) to 1, a recipe prescribed by the non-
linear theory, a precipitous drop in thermal hysteresis was
observed. When more-stringent conditions (the cofactor condi-
tions) are satisfied8, a shape memory alloy was found to show
unusual domain patterns encompassing multiple length scales
and reflecting the ultra-compatibility of the martensite and
austenite5.
Given the ubiquitous nature of first-order transformations, it is
of interest to explore the applicability of the non-linear theory of
martensite to functional oxide materials: can the brittle ceramic
materials also be engineered to have highly-reversible transfor-
mations through fine-tuning of the lattice constants? In this
report, we demonstrate that by tuning the lattice constants of the
high-temperature tetragonal phase and the low-temperature
monoclinic phase in W substituted VO2, the thermal hysteresis
of the MIT can indeed be controlled as the middle eigenvalue of
the transformation stretch tensor is changed.
As an archetypical 3d1-correlated oxide, vanadium dioxide
(VO2) shows a MIT9 at the transition temperature (TC) of ≈340
K. Although VO2 is known to have various polymorphs, the
change in the resistivity of the material was found to be intimately
associated with a first-order structural phase transformation
between a low-temperature monoclinic phase (M1 phase) and a
high-temperature rutile-type tetragonal phase (R phase)10–13. The
relation between the structural phase transformation and the MIT
in VO2 has been extensively studied. In particular, many
experiments have indicated that the MIT in VO2 is induced by an
electron-lattice interaction (i.e., a Peierls transition) through the
structural phase transformation14–16. However, there have been
increasing experimental evidence, suggesting that the resistance
switch and the structural phase transformation in VO2 can be
decoupled, and thus the MIT is primarily driven by an
electron–electron interaction (i.e., a Mott transition)17–19.
Moreover, in addition to the changes in the structural and the
electronic properties, VO2 also shows marked changes in many
other properties, e.g., the optical transmittance20, making the
material attractive for a number of practical applications,
including smart-window coatings, ultrafast sensors, and switching
devices10–13,20–22. The thermal hysteresis width of pure VO2 is
relatively large (>10 K for a polycrystalline film)23, which is det-
rimental to applications requiring agile reversible processes and a
large number of reversible cycles.
From the viewpoint of tuning composition to satisfy strong
conditions of compatibility between phases, VO2 is an extremely
unusual material8. To explain this assertion, we first note that in
general there are two levels of conditions of compatibility known:
(1) λ2= 1 and (2) the cofactor conditions. The first level of these
conditions (λ2= 1) is necessary and sufficient that there is a
perfect unstressed interface between phases. The second level of
these conditions (cofactor conditions) includes λ2= 1, together
with another condition associated with minimal volume expan-
sion or stretching through the phase transformation. The cofactor
conditions not only imply perfect unstressed interfaces between R
and any single variant of M1, but also imply a large number of
low energy interfaces with any pair of M1 variants, at any volume
fraction. The two known alloys5,24 to accurately satisfy the
cofactor conditions, namely Zn45Au30Cu25 and Ti54Ni34Cu12,
have exceptional reversibility of the transformation, including in
one case perfect reversibility after 10 million cycles of full stress-
induced transformation, under tension, at peak stresses each cycle
of 400MPa.
The crystallographic specifics of the phase transformation in
VO2 are rather rare. Specifically, when λ2= 1 is satisfied, the
cofactor conditions are then automatically satisfied8. Therefore,
satisfying λ2= 1 in this oxide becomes especially important. In
particular, the cofactor conditions are satisfied for the compound
twins in this material, of which there are many examples,
depending on the choices of variants of the M1 phase. Since we
satisfy λ2= 1 in this paper to high accuracy, we here add a third
member to the list of “cofactor materials”.
It is known that the transition properties of VO2 can be
effectively tuned through a variety of means, such as chemical
substitution, electrical field, optical irradiation, external stress,
etc.10–13,21. Among these approaches, chemical substitution has
been extensively investigated25–29. In particular, tungsten (W) has
been reported to reduce the transition temperature by ~21–28 K
for each atomic percentage of W ions in VO228,30. However,
tunability of the thermal hysteresis width upon increasing the W
concentration and its mechanism have not been well under-
stood31. Through a systematic study using thin-film composition
spreads, we show that at ≈2.5 at. % substitution, the middle
eigenvalue λ2 of the transformation stretch tensor becomes 1, and
the lattice parameters also satisfy the cofactor conditions,
resulting in reduced thermal hysteresis width of the MIT. Our
work underscores the inescapable consequence of lattice com-
patibility, and signals a unique pathway to control functionalities
in a variety of materials including strongly correlated electron
systems.
Results
Film deposition and composition characterization. In this
study, a combinatorial film fabrication strategy32 was adopted to
ensure identical deposition parameters for samples with different
W concentrations on a given chip. As illustrated in Fig. 1a, con-
tinuous composition-spread films of V1−xWxO2 (0 ≤ x < 4.0%)
were fabricated by alternatively ablating a V2O5 target (A) and a
V1.92W0.08O5 target (B) using pulsed-laser beams at an oxygen
environment with a pressure of ≈0.4 Pa; during the ablation of the
two targets, an automated moving mask was used to generate a
composition gradient across a c-Al2O3 (0001) substrate (hence-
forth, denoted as V1−xWxO2/c-Al2O3) or across a Si substrate
(henceforth denoted as V1−xWxO2/Si). The highest W concentra-
tion (x) in these films was controlled to be <4.0% to prevent
potential phase separation, which was reported for higher W
concentrations33. As illustrated in Fig. 1b, each composition-spread
film was then patterned into multiple parallel strips (each with a
length of 5mm and a width of 0.2 mm) perpendicular to the
composition gradient direction for further measurements. More-
over, according to the change in the composition across the entire
substrate and the width of each strip, the variation of the W
concentration within each strip is estimated to be ±0.1%. It should
be noted that throughout the report, the specific value of the W
concentration (x) is expressed as a percentage. For example, x=
2% corresponds to a chemical composition of V1.98W0.02O2.
Crystal structure characterization by X-ray diffraction. The X-
ray diffraction (XRD) patterns of the sample strips across the
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composition-spread films were measured at different tempera-
tures. From the XRD results obtained on both c-Al2O3 and Si
substrates, only certain peaks associated with the monoclinic
phase and/or the rutile-type tetragonal phase of V1−xWxO2 could
be identified in the entire scan range (10° ≤ 2θ ≤ 90°), suggesting
the absence of other phases of vanadium oxides and tungsten
oxides. The XRD results obtained from V1−xWxO2/Si samples
show a number of diffraction peaks revealing the polycrystalline
nature of these films. Among the peaks observed in the diffraction
scans, the one appearing at ~28.0° shows strong intensity, thus
allowing the study of the phase evolution. Figure 2 shows the
XRD patterns of a V1−xWxO2/Si sample in a range from 26° to
31° at different temperatures.
As shown in Fig. 2a, patterns obtained at 300 K from each of
the four sample strips with x < 1.5% (see Materials and Methods)
clearly show a peak at around 28.0°, which is consistent with the
(011) of the M1 phase; the scans obtained from the strips with
x > 1.5% shows a peak at around 27.75°, which is the (110) of the
R phase. Moreover, the pattern obtained from the sample strip
with x= 1.5% shows a relatively broad peak, manifesting the
coexistence of the M1 phase (the peak at ~28.00°) and the R phase
(the peak at ~27.75°). Therefore, by increasing the W concentra-
tion, the insulating M1 phase at 300 K gradually evolves into the
metallic R phase. Compared with the slight shift of the peak
towards a lower angle within the M1 phase or within the R phase
entirely owing to smaller V4+ ions replaced by bigger W4+
ions31,34,35, the shift of the diffraction peak is more prominent
when the crystal structure changes from the R phase to the M1
phase at a critical W concentration of ~1.5%.
As shown in Fig. 2b, at 323 K, the position of the peak obtained
from each sample strip with x > 1.5% remains unchanged. The
peak for the sample strip with x= 1.5% becomes sharper and
clearly centered at ~27.75°, indicating that the sample strip is fully
in the metallic R phase. Compared to that observed at 300 K, the
peak for the sample strip with x= 0.9% at 323 K appears at an
angle 0.25° smaller, suggesting that a transformation from the M1
phase to the R phase is completed as the temperature increases.
Moreover, a clear double-peak feature observed in the pattern
obtained from each of the three sample strips with x < 0.9%
indicates the coexistence of the two phases at 323 K.
As shown in Fig. 2c, when the temperature is further increased
to 358 K, all the sample strips show a sharp peak at around 27.75°
in the XRD patterns. Therefore, with x in the range of 0 to 3.4%,
the entire composition-spread V1−xWxO2 film is in the high-
temperature metallic R phase. The slight shift of the peak towards
a lower angle as x increases is an indication of the size effect of the
substitution of V with W in the V1−xWxO2 system31,34,35.
In contrast to the multi-peak polycrystalline XRD results
obtained from the V1−xWxO2/Si sample, the XRD results of all
the sample strips in a V1−xWxO2 film fabricated on a c-Al2O3
substrate show only two peaks belonging to the film at ~40.00°
and ~86.30°, respectively (Fig. 3a). The positions of the two peaks
correspond to the (020) and the (040) of a slightly W-doped VO2
film in either the M1 phase (bM1= 4.52 Å)36 or the R phase
(aT= 4.55 Å)37. Therefore, the results suggest that the V1−xWxO2
film was epitaxially grown on the c-Al2O3 substrate following the
b
a
Fig. 1 Fabrication of a composition-spread film. a A schematic diagram of
the set-up for film growth: in cooperation with the reciprocating movement
of a mask, laser pulses are applied to alternately ablate target A and target
B to obtain a continuous composition-spread film; b a schematic view of a
patterned spread film of V1−xWxO2.
a b c
Fig. 2 XRD results of a V1−xWxO2/Si film. a–c θ–2θ patterns obtained from different sample strips of the V1−xWxO2/Si film at 300, 323, and 358 K,
respectively. An orange line and a blue line are placed in a to, respectively, indicate the peak positions in the two-end phases.
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[010]M1//[010]R//[0001]Al2O3 relationship between V1−xWxO2
and sapphire38. However, because other diffraction peaks are
not visible, the XRD results obtained for the epitaxial V1−xWxO2
film alone are not sufficient to provide evidence for the chemical
substitution induced phase transformation. Therefore, transmis-
sion electron microscopy (TEM) was further employed to
characterize the detailed microstructures in the V1−xWxO2/c-
Al2O3 samples.
Microstructural characterization through TEM. In order to
further investigate the effect of chemical substitution in the
composition-spread V1−xWxO2/c-Al2O3 samples, TEM mea-
surements were carried out on a number of cross-sectional
samples extracted along the composition spread. A representative
bright-field TEM image of the V1−xWxO2/c-Al2O3 hetero-
structure is shown in Fig. 3b; the V1−xWxO2 thin film has a near-
uniform thickness of 150 nm and is composed of columnar
grains. The analysis of selected area electron diffraction patterns
(SAEDPs) evidences the [010]M1//[010]R//[0001]Al2O3 epitaxial
relationship for the V1−xWxO2/c-Al2O3 heterostructure (Supple-
mentary Fig. 1). Well-defined M1 phase variants were observed in
the pure VO2 strip without W-doping by aberration-corrected
scanning transmission electron microscopy (STEM). Figure 3c
shows an atomic-resolution high angle annular dark-field
(HAADF) STEM image taken from the x= 0% strip, presenting
a unique [101]M1 atomic configuration and distinguishing it from
the well-established M2 phase and high-temperature R phase,
which are difficult to be differentiated from the M1 phase by
SAEDPs (see Supplementary Fig. 2). The coexistence of the M1
and R phases was observed by HAADF-STEM imaging and
SAEDPs in the W-doped sample strips (Fig. 3d and Supple-
mentary Fig. 1). Figure 3d shows the mixture of the M1 and R
phases in a nano-sized region in the 3.44% W-doped sample.
Therefore, although it is difficult to resolve the M1 phase and the
R phase by XRD on c-Al2O3 (Fig. 3a), the HAADF-STEM results
clearly demonstrate that W-doping leads to the formation of co-
existing M1 and R phases28.
It has been found that the intermediate M2 phase of VO2
appears often in nanobeams39 and sometimes in thin films40,41.
The fact that the M2 phase is more prevalent in nanobeams is
presumably owing to the stronger geometric effect in nano-
beams42. Specifically, the M2 phase has been observed even in
nanobeams where interfacial coupling between the nano-sized
materials and the underneath substrates is negligible43,44,
suggesting that the intrinsic geometric effects owing to the high
surface-to-volume ratios of these quasi-1-dimensional structures
facilitate the formation of the intermediate phase through the
MIT. Further, according to a number of previous studies39,41,45,46,
replacing V ions with a small amount (up to few %) of W is
expected to reduce the transition temperature of the MIT
without introducing the M2 phase through the structural
transformation. Therefore, the absence of evidence of the M2
phase in our composition-spread films is consistent with
previously V1−xWxO2 work on thin films of V1−xWxO2, where
unlike in nanobeams, the M2 phase was not observed.
Analysis of cofactor conditions based on crystal structures. In
lightly-doped V1−xWxO2 films, the V/W ions in the high-
temperature tetragonal R phase are aligned along the c axis of the
crystal structure46,47. The structural phase transformation to the
low-temperature M1 phase and, accordingly, the symmetry
breaking results in the observing the V/W ions aligned into zig-
zagging chains48. The inset of Fig. 4 illustrates the correspon-




Fig. 3 XRD and TEM results of a V1−xWxO2/c-Al2O3 film. a XRD θ–2θ patterns obtained from different sample strips of a V1−xWxO2 (0≤ x < 4.0%) film at
room temperature; b a typical cross-sectional TEM image showing the columnar grain structure of the V1−xWxO2/c-Al2O3 film; c and d atomic-resolution
HAADF-STEM images showing different variants (rectangular and oval frames) of the pure M1 phase in the un-doped VO2 sample, and the coexistence of
M1 phase and R phase in the 3.44% W-doped sample, respectively.
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monoclinic unit cell in the M1 phase through the structural
transformation. It is important to note that, for illustrative pur-
poses, the unit cells shown in the inset of Fig. 4 merely reflect the
correspondence of the lattice parameters in the two-end phases
without taking the lattice stretching effects into account. In fact,
the actual lattice constants, which can be determined from the
XRD results, are the key to the interfacial stress generated during
the phase transformation.
To limit the interfacial stresses, which develop during the
structural phase transformation, high compatibility between the
two-end phases is required. According to the non-linear theory5–
8, when the cofactor conditions are satisfied, a highly compatible
phase transformation becomes possible, resulting in the minimal
thermal hysteresis width4. Because the transformation stretch
matrix is solely determined by the structural relationship between
the two-end phases, the XRD measurements and Rietveld
refinement (an example of the refinement results is shown in
Supplementary Fig. 3) were used to establish the crystal
symmetries and lattice constants for different W concentrations
across the composition-spread films. Supplementary Table 1
shows a list of the lattice parameters obtained at different W
concentrations in the two-end phases.
A common geometric feature of the stretch tensors in
Supplementary Table 1 is that the middle eigenvalue λ2 is
associated with the eigenvector aligned with the tetragonal a axis.
In this case, the kinematic compatibility conditions8 ensure that
when the lattice parameters are tuned to satisfy λ2= 1, a laminate
of monoclinic compound twins is compatible with the tetragonal
phase at arbitrary volume fraction of the twin pair. This is
illustrated in Supplementary Fig. 4, using our measured lattice
parameters at x= 2.4%. Note the excellent matching of phases
despite quite large distortions of ~6% strain. In particular, in the
1st and 6th schematic pictures of Supplementary Fig. 4 (i.e.,
Supplementary Fig. 4a, f), a single monoclinic variant matches the
tetragonal lattice at a stress-free interface without any transition
layer. Again, using our measured lattice parameters of V1−xWxO2
at x= 2.4%, we zoom in and plot the local structure of the
interface in the region of the circle.
The complete analysis of the measured lattice parameters at
different W concentrations provides the middle eigenvalue λ2 of
the transformation stretch matrix as a function of the W
concentration (Fig. 4). We find that the bM1/aT ratio (also shown
in Fig. 4) is highly correlated with the middle eigenvalue λ2 for all
W concentrations, both approaching 1 simultaneously at a W
concentration of ~2.4%. As shown in the inset of Fig. 4, the bM1
lattice is not only normal to both aM1 and cM1 lattices in the M1
phase, but also corresponds to one of the aT lattices of the
tetragonal unit cell of the R phase. The fact that the bM1/aT ratio
is always the middle eigenvalue λ2 suggests that the stretch or
compression through the structural phase transformation is
mainly perpendicular to bM1. Furthermore, the results also
suggest that any stretch or compression along the direction of
the bM1 lattice would enhance the deformation in directions
perpendicular to the bM1 lattice. Therefore, only when the bM1/aT
ratio becomes 1 (i.e., the cofactor conditions are satisfied) at x=
2.4%, the structural deformation in directions perpendicular to
the bM1 lattice is minimized, and phase transformation with
minimal distortion becomes possible.
Thermal hysteresis of electronic transport. According to the
non-linear theory5–8, the fulfillment of the cofactor conditions is
expected to minimize the interfacial energy involved during the
phase transformation, and thus reduce the width of the hysteresis
loop upon thermal cycling. Therefore, the thermal hysteresis
width is expected to provide another measure for the compat-
ibility between the two-end phases. Among various physical
properties of V1−xWxO2 that show a thermal hysteresis loop, the
MIT provides a convenient route to quantify the transition
temperature TC and the thermal hysteresis width ΔT (defined
below).
Electrical measurements were performed on both epitaxial and
polycrystalline films to investigate the W-substitution effect on
the characteristics of MIT. Figure 5a, b show the hysteretic
temperature-dependent sheet-resistance curves (RS–T) of
composition-spread thin films on c-Al2O3 and on Si, respectively.
For both composition-spread films, the expected systematic
reduction of the transition temperature with increase in the W
concentration is seen. Specifically, as shown in Supplementary
Fig. 5, the transition temperature shows a nearly linear decrease
with the increase of W concentration for both films. The linear
fits shown in Supplementary Fig. 5 further suggest that
corresponding to each at. % increase in the W concentration,
the transition temperatures in the epitaxial film and the
polycrystalline film are reduced by 25 and 21 K, respectively,
which agree well with the values reported previously28,30.
We further extracted the TC and the thermal hysteresis width
ΔTC associated with the transition from the measured RS–T
curves (Supplementary Fig. 6 shows an example). The RS–T curve
obtained on a VO2 (i.e., x= 0%) strip fabricated on a c-Al2O3
substrate shows a change of nearly four orders of magnitude
through the MIT. Two transition temperatures (TCup and TCdn)
were obtained by taking the temperatures at the dips in the first-
order derivatives of the warming curve and the cooling curve,
respectively49. Further, a phase transition temperature TC at
~342 K, consistent with that obtained from VO2 single crystals20,
was determined as the average of the two transition temperatures,
i.e., TC= (TCup− TCdn)/2. The hysteresis width ΔTC is defined as
the difference between the two transition temperatures, i.e., ΔTC
= TCup− TCdn, which for this strip is 6.86 K.
It should be noted that the hysteresis width is known to be scan
rate dependent for first-order transitions with latent heat in
general. As shown in Supplementary Fig. 7, for a sample strip
with a W concentration of 0.9%, the measured hysteresis width
Fig. 4 Concentration dependence of structural parameters. The middle
eigenvalue λ2 of the stretch matrix (empty circles) and the bM1/aT ratio (solid
dots) are plotted as functions of the W concentration (x), respectively; the
inset illustrates a schematic transformation from two tetragonal unit cells in
the R phase to one monoclinic unit cell in the M1 phase, where aT and cT are
the lattice parameters of the tetragonal unit cell, whereas aM1, bM1, cM1, and β
are the lattice parameters of the monoclinic unit cell. A dashed vertical line
indicates that λ2 and bM1/aT both reach a unit at x≈ 2.4%.
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increases dramatically as the cooling and heating rate increases.
In our resistance measurements, to limit the error caused by the
latent heat, a relatively low scan rate of 1.0 K per minute was
adopted. In addition, a universal scan rate also makes a
meaningful comparison across the entire composition range of
the sample possible.
In Fig. 5c, the measured ΔTC was plotted as a function of W
concentration for both films. The overall hysteresis width ΔTC for
the V1−xWxO2/Si sample is clearly larger than that for the
V1−xWxO2/c-Al2O3 sample. The difference in the values of the
hysteresis width ΔTC may be attributed to the polycrystalline
nature of the film grown on the Si substrate47,50. Despite the
difference in the exact values of the measured ΔTC, both spread
films share a common feature—there is a clear drop in ΔTC at the
W concentration of ≈2.4%, indicating the importance of satisfying
the cofactor conditions in minimizing the thermal hysteresis width.
Furthermore, as shown in Fig. 5d, the measured ΔTC for the V1
−xWxO2/Si sample is also plotted as a function of λ2. Clearly, as λ2
becomes 1 (i.e., the cofactor conditions are satisfied), the thermal
hysteresis width ΔTC reaches the minimum value, thus confirming
that fulfilling the cofactor conditions indeed leads to minimization
of the thermal hysteresis width ΔTC. Therefore, as evident in the
composition-spread V1−xWxO2 films grown on different sub-
strates, the non-linear theory of martensite is applicable not only to
metallic systems but also to oxide systems.
It is important to note that our study demonstrates a
straightforward route for meeting the cofactor condition using a
single-element-substitution composition spread: tuning λ2 to be
(close to) 1; and the minimum thermal hysteresis width (as
shown in Fig. 5c 3 and 5 K for the V1−xWxO2/c-Al2O3 sample and
the V1−xWxO2/Si sample, respectively) obtained in this single-
element-substitution composition spread is not necessarily a
universal minimum in doped VO2 samples. In fact, Miyazaki
et al. have obtained a hysteresis width as small as 0.6 K using both
Cr and Nb to substitute V51. According to reported phase
diagrams39,46 of VO2, W or Nb substitution leads to a reduction
effect and also an increase in the lattice constant, and in
comparison, using Cr to substitute V leads to an oxidation effect
and also a decrease in the lattice constant. Therefore, it is
reasonable to expect that by substituting V with Cr and Nb
simultaneously, the volume change during the phase transforma-
tion is suppressed, resulting in a smaller minimum hysteresis
width as compared with the case where only one substitution
element is used.
Discussion
In this study, high-quality composition-spread V1−xWxO2 films
were fabricated on c-Al2O3 and Si substrates using a high-
throughput pulsed-laser deposition technique. XRD, TEM, and
electronic transport measurements were performed to system-
atically investigate the W-substitution effect on the structural phase
transformation and the MIT. Based on the lattice parameters
determined from the XRD measurements at different temperatures,
we found that the cofactor conditions based on the geometrically
non-linear theory of martensite are satisfied at a W concentration
of 2.4%. The measurements of the MIT in the spreads indicate that
the thermal hysteresis width indeed reaches the minimum value for
the samples with W concentration near 2.4%.
The first-order transition in VO2 is a complex process invol-
ving change in the electronic structure as well as transformation
of the crystal structure accompanied by a large latent heat. The
subtle interplay between various factors is reflected in the sensi-





Fig. 5 Thermal hysteresis of electronic transport. a, b The temperature dependence of the resistance (RS) measured from sample strips at different W
concentrations in a V1−xWxO2 film grown on c-Al2O3 and on Si, respectively. c The W content (x) dependence of hysteresis width (ΔTC) for both
V1−xWxO2/Al2O3 and V1−xWxO2/Si films; d hysteresis width (ΔTC) as a function of λ2 for V1−xWxO2/Si. Solid curves in c and d are used for guidance; a
dashed vertical line is placed at x= 2.4% in c to indicate the concentration where λ2 and bM1/aT both reach a unit; and a dashed vertical line is placed at λ2
= 1 in d.
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small chemical modifications and geometrical effects (e.g., films
versus nanobeams) including strain. The fact that lattice com-
patibility has influence on the hysteresis as observed here
underscores the basic role crystal structure plays in determining
the physical properties of materials in general.
The success of applying the non-linear theory to identify the
conditions for the ultra-compatible MIT in a functional oxide
system suggests that the theory is highly valuable in guiding the
optimization of transforming materials. Moreover, the correlation
between the MIT and the crystal structure demonstrated in our
study also suggests that the structural phase transformation has a
central role in the observed MIT in the V1−xWxO2 system.
Methods
Combinatorial deposition and composition characterization. The continuous
composition-spread films of V1−xWxO2 (0 ≤ x < 4.0%) used in this study were
fabricated in a combinatorial pulsed-laser deposition chamber. During the
deposition, the substrate temperature was kept at ~500 °C, an oxygen environment
with a pressure of ~0.4 Pa was applied, and laser pulses with a frequency of 5 Hz
and an energy of 18 mJ were used for material ablation. Moreover, in order to
minimize the substrate-induced strain, the composition-spread films used in this
study all had a thickness of ≈150 nm. Wavelength dispersive X-ray spectroscopy
was performed to characterize the W concentration in different positions of the
composition-spread V1−xWxO2 films.
X-ray diffraction measurements. The XRD measurements were carried out in a
Bruker D8 Discover system. The system was equipped with an area detector and a
stage that allows the sample’s translation in the direction of a composition gradient
for automated data collection. With in situ temperature control of the sample using
either a heater or a liquid-nitrogen cold bath attached to the sample stage, θ–2θ
X-ray spectra were collected at several temperatures from 255 to 358 K.
Sample preparation for cross-sectional TEM/STEM. A FEI Nova NanoLab 600
dual-beam scanning electron microscopy and focused ion-beam system was
employed to prepare the cross-sectional TEM/STEM samples. Regions of 20 µm in
length in the V1−xWxO2 (x= 0, 2.61%, 3.44%) strips were chosen for lamellar
TEM/STEM samples preparation. Electron-beam induced deposition of 1 µm thick
Carbon was initially deposited on top of the film to protect the sample surface, then
followed by 2 µm ion-beam induced Pt deposition. To reduce Ga-ions damage, in
the final stage of FIB preparation, the TEM/STEM sample was thinned with 2 kV
Ga-ions using a low beam current of 29 pA and a small incident angle of 3°.
TEM/STEM characterization. A FEI Titan 80–300 TEM/STEM equipped with a
probe spherical-aberration corrector was employed to conduct selected area elec-
tron diffraction patterns (SAEDPs), diffraction-contrast imaging (DFI) and atomic-
resolution HAADF STEM imaging analyses. HAADF-STEM images were acquired
with an operating voltage of 300 kV, probe convergence semi-angle of 14 mrad and
collection angle of (70–400) mrad.
Electronic transport measurements. The temperature dependence of the elec-
trical resistance was measured for each sample strip in the V1−xWxO2 spread films
by utilizing a four-probe geometry using a physical property measurement system
made by Quantum Design Inc. To improve the measurement accuracy, tempera-
ture scans were all carried out with a sweeping rate of 1.0 K per minute and a
measurement step of 0.2 K.
Disclaimer
Certain commercial equipment, instruments, or materials are
identified in this paper in order to specify the experimental
procedure adequately. Such identification is not intended to imply
recommendation or endorsement by the National Institute of
Standards and Technology, nor is it intended to imply that the
materials or equipment identified are necessarily the best avail-
able for the purpose.
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All data generated or analyzed during this study are included in this published article
(and its supplementary information files).
Received: 21 May 2019; Accepted: 17 June 2020;
References
1. Moya, X., Kar-Narayan, S. & Mathur, N. D. Caloric materials near ferroic
phase transitions. Nat. Mater. 13, 439–450 (2014).
2. Verwey, E. J. W. Electronic conduction of magnetite (Fe3O4) and its transition
point at low temperatures. Nature 144, 327–328 (1939).
3. von Hippel, A. Ferroelectricity, domain structure, and phase transitions of
barium titanate. Rev. Mod. Phys. 22, 221–237 (1950).
4. Gurvitch, M., Luryi, S., Polyakov, A. & Shabalov, A. Nonhysteretic behavior
inside the hysteresis loop of VO2 and its possible application in infrared
imaging. J. Appl. Phys. 106, 104504 (2009).
5. Song, Y., Chen, X., Dabade, V., Shield, T. W. & James, R. D. Enhanced
reversibility and unusual microstructure of a phase-transforming material.
Nature 502, 85–88 (2013).
6. Cui, J. et al. Combinatorial search of thermoelastic shape-memory alloys with
extremely small hysteresis width. Nat. Mater. 5, 286–290 (2006).
7. Zarnetta, R. et al. Identification of quaternary shape memory alloys with near
zero thermal hysteresis and unprecedented functional stability. Adv. Funct.
Mater. 20, 1917–1923 (2010).
8. Chen, X., Srivastava, V., Dabade, V. & James, R. D. Study of the cofactor
conditions: conditions of supercompatibility between phases. J. Mech. Phys.
Solids 61, 2566–2587 (2013).
9. Morin, F. J. Oxides which show a metal-to-insulator transition at the Neel
temperature. Phys. Rev. Lett. 3, 34–36 (1959).
10. Budai, J. D. et al. Metallization of vanadium dioxide driven by large phonon
entropy. Nature 515, 535–539 (2014).
11. Ramírez, J. G., Sharoni, A., Dubi, Y., Gómez, M. E. & Schuller, I. K. First-order
reversal curve measurements of the metal-insulator transition in VO2:
signatures of persistent metallic domains. Phys. Rev. B 79, 235110 (2009).
12. Nakano, M. et al. Collective bulk carrier delocalization driven by electrostatic
surface charge accumulation. Nature 487, 459–462 (2012).
13. Park, J. H. et al. Measurement of a solid-state triple point at the metal-
insulator transition in VO2. Nature 500, 431–434 (2013).
14. Wentzcovitch, R. M., Schulz, W. W. & Allen, P. B. VO2: Peierls or Mott-
Hubbard? A view from band theory. Phys. Rev. Lett. 72, 3389–3392 (1994).
15. Cavalleri, A., Dekorsy, T., Chong, H. H. W., Kieffer, J. C. & Schoenlein, R. W.
Evidence for a structurally-driven insulator-to-metal transition in VO2: A
view from the ultrafast timescale. Phys. Rev. B 70, 161102(R) (2004).
16. Tselev, A. et al. Interplay between ferroelastic and metal-insulator phase
transitions in strained quasi-two-dimensional VO2 nanoplatelets. Nano Lett.
10, 2003–2011 (2010).
17. Tao, Z. et al. Decoupling of structural and electronic phase transitions in VO2.
Phys. Rev. Lett. 109, 166406 (2012).
18. Yang, M. et al. Suppression of structural phase transition in VO2 by epitaxial
strain in vicinity of metal-insulator transition. Sci. Rep. 6, 23119 (2016).
19. Lee, D. et al. Isostructural metal-insulator transition. Science 362, 1037–1040
(2018).
20. Chae, B. G., Youn, D. H., Kim, H. T., Maeng, S. L. & Kang, K. Y. Fabrication
and electrical properties of pure VO2 phase films. J. Korean Phys. Soc. 44,
884–888 (2004).
21. Lee, S., Ivanov, I. N., Keum, J. K. & Lee, H. N. Epitaxial stabilization and phase
instability of VO2 polymorphs. Sci. Rep. 6, 19621 (2016).
22. Wang, T. et al. Increasing efficiency, speed, and responsivity of vanadium
dioxide based photothermally driven actuators using single-wall carbon
nanotube thin-films. ACS Nano 9, 4371–4378 (2015).
23. Béteille, F., Mazerolles, L. & Livage, J. Microstructure and metal-insulating
transition of VO2 thin films. Mater. Res. Bull. 34, 2177–2184 (1999).
24. Chluba, C. et al. Ultralow-fatigue shape memory alloy films. Science 348,
1004–1007 (2015).
25. Asayesh-Ardakani, H. et al. Atomic origins of monoclinic-tetragonal
(rutile) phase transition in doped VO2 nanowires. Nano Lett. 15, 7179–7188
(2015).
26. Castellani, C., Natoli, C. R. & Ranninger, J. Metal-insulator transition in pute
and Cr-doped V2O3. Phys. Rev. B 18, 5001 (1978).
27. Shibuya, K., Kawasaki, M. & Tokura, Y. Metal-insulator transition in epitaxial
V1−xWxO2 (0 ≤ x ≤ 0.33) thin films. Appl. Phys. Lett. 96, 022102 (2010).
28. Li, X. et al. Direct evidence of tungsten clustering in W0.02V0.98O2 thin films
and its effect on the metal-to-insulator transition. Acta Materialia 80, 16–24
(2014).
29. Wu, Y. et al. Depressed transition temperature of WxV1−xO2: mechanistic
insights from the X-ray absorption fin structure (XAFS) spectroscopy. Phys.
Chem. Chem. Phys. 16, 17705–17714 (2014).
30. Reyes, J. M., Sayer, M. & Chen, R. Transport properties of tungsten-doped
VO2, Can. J. Phys. 54, 408–412 (1976).
31. Nishikawa, M., Nakajima, T., Kumagai, T., OKutani, T. & Tsuchiya, T.
Adjustment of thermal hysteresis in epitaxial VO2 films by doping metal ions.
J. Ceram. Soc. Jpn. 119, 577–580 (2011).
32. Koinuma, H. & Takeuchi, I. Combinatorial solid-state chemistry of inorganic
materials. Nat. Mater. 3, 429 (2004).
NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-17351-w ARTICLE
NATURE COMMUNICATIONS |         (2020) 11:3539 | https://doi.org/10.1038/s41467-020-17351-w | www.nature.com/naturecommunications 7
33. Netsianda, M., Ngoepe, P. E., Catlow, C. R. A. & Woodley, S. M. The
displacive phase transition of vanadium dioxide and the effect of doping with
tungsten. Chem. Mater. 20, 1764–1772 (2008).
34. Soltani, M., Chaker, M., Haddad, E., Kruzelecky, R. V. & Margot, J. Effect of
Ti-W cooping on the optical and electrical switching of vanadium dioxide thin
films grown by a reactive pulsed laser deposition. Appl. Phys. Lett. 85, 1958
(2004).
35. Vernardou, D., Pemble, M. E. & Sheel, D. W. Tungsten-doped vanadium
oxides prepared by direct liquid injection MOCVD. Chem. Vap. Depos. 13,
158–162 (2007).
36. Goodenough, J. B. The two components of the crystallographic transition in
VO2. J. Solid State Chem. 3, 490 (1971).
37. McWhan, D. B., Marezio, M., Remeika, J. P. & Dernier, P. D. X-ray diffraction
study of metallic VO2. Phys. Rev. B 10, 490 (1974).
38. Yang, T.-H., Jin, C., Aggarwal, R., Narayan, R. J. & Narayan, J. On growth of
epitaxial vanadium oxide thin film on sapphire (0001). J. Mater. Res. 25,
422–426 (2010).
39. Tselev, A. et al. Symmetry relationship and strain-induced transitions between
insulating M1 and M2 and metallic R phases of vanadium dioxide. Nano Lett.
10, 4409 (2010).
40. Ji, Y. et al. Role of microstructures on the M1-M2 phase transition in epitaxial
VO2 thin films. Sci. Rep. 4, 4854 (2014).
41. Tan, X. et al. Unraveling metal-insulator transition mechanism of VO2
triggered by tungsten doping. Sci. Rep. 2, 466 (2012).
42. Whittaker, L., Patridge, C. J. & Banerjee, S. Microscopic and nanoscale
perspective of the metal-insulator phase transitions of VO2: some new twists
to an old tale. J. Phys. Chem. Lett. 2, 745–758 (2011).
43. Zhang, S., Chou, J. Y. & Lauhon, L. J. Direct correlation of structural domain
formation with the metal insulator transition in a VO2 nanobeam. Nano Lett.
9, 4527–4532 (2009).
44. Sohn, J. I. et al. Surface-stress-induced Mott transition and nature of
associated spatial phase transition in single crystalline VO2 nanowires. Nano
Lett. 9, 3392–3397 (2009).
45. Rajeswarana, B. & Umarji, A. M. Effect of W addition on the electrical
switching of VO2 thin films. AIP Adv. 6, 035215 (2016).
46. Pouget, J. P. & Launois, H. Metal-insulator phase transition in VO2. J. Phys.
Symp . 37, C4–49 (1976).
47. Warwick, M. E. A. & Binions, R. Advances in thermochromic vanadium
dioxide films. J. Mater. Chem. A 2, 3275–3292 (2014).
48. Qiu, H. et al. The tetragonal-like to rutile structural phase transition in
epitaxial VO2/TiO2 (001) thick films. N. J. Phys. 17, 113016 (2015).
49. Chen, A. et al. Textured metastable VO2 (B) thin films on SrTiO3 substrates
with significantly enhanced conductivity. Appl. Phys. Lett. 104, 071909 (2014).
50. Ip, A. H. et al. A two-step route to planar perovskite cells exhibiting reduced
hysteresis. Appl. Phys. Lett. 106, 143902 (2015).
51. Miyazaki, K. et al. Chromium-niobium co-doped vanadium dioxide films:
large temperature coefficient of resistance and practically no thermal
hysteresis of the metal-insulator transition. AIP Adv. 6, 055012 (2016).
Acknowledgements
This work was supported by ONR MURI N000141310635, ONR MURI N000141712661,
and National Institute of Standards and Technology (NIST) Cooperative Agreement
70NANB17H301 at UMD. X.C. thanks the HK Research Grants Council for financial
support under Grants 26200316 and 16207017. R.D.J. was supported by NSF (DMREF-
1629026), ONR (N00014-18-1-2766), MURI (FA9550-18-1-0095) and a Vannevar Bush
Fellowship. He also benefited from the support of Medtronic Corp, the Institute on
the Environment (RDF fund), and the Norwegian Centennial Chair Program. X.C. and
R.D.J. thank the Isaac Newton Institute for Mathematical Sciences for support and
hospitality during the program “The mathematical design of new materials” (EPSRC
EP/R014604/1) when work on this paper was undertaken. H.R.Z. acknowledges support
from the U.S. Department of Commerce, NIST under the financial assistance awards
70NANB17H249 and 70NANB19H138. A.V.D. acknowledges the support of Material
Genome Initiative funding allocated to NIST.
Author contributions
Y.G.L., S.L., X.H.Z., and I.T. conceived and designed the experiments; Y.G.L. fabricated
samples for the experiments; S.L., Y.G.L, and H.S.Y. measured electronic resistivity;
Y.G.L., Y.J.L., and P.Y.Z. carried out XRD measurements and crystal structure analysis;
H.R.Z. conducted TEM samples FIB preparation and TEM/STEM experiments. H.R.Z.,
L.A.B., and A.V.D performed TEM/STEM microstructure analysis. X.C. and R.D.J.
provided numerical simulation; Y.G.L., S.L., and X.H.Z. summarized the data and pre-
pared figures; Y.G.L., S.L. X.H.Z., and I.T. wrote the manuscript; and all authors parti-
cipated in discussion of the results and preparation of the manuscript.
Competing interests
The authors declare no competing interests.
Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-17351-w.
Correspondence and requests for materials should be addressed to X.H.Z. or I.T.
Peer review information Nature Communications thanks Yin Shi, Junqiao Wu and the
other, anonymous, reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.
Reprints and permission information is available at http://www.nature.com/reprints
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2020
ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-17351-w
8 NATURE COMMUNICATIONS |         (2020) 11:3539 | https://doi.org/10.1038/s41467-020-17351-w | www.nature.com/naturecommunications
